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Background: The transcription factor Sox6 has been implicated in regulating muscle fiber type-specific gene
expression in mammals. In zebrafish, loss of function of the transcription factor Prdm1a results in a slow to
fast-twitch fiber type transformation presaged by ectopic expression of sox6 in slow-twitch progenitors.
Morpholino-mediated Sox6 knockdown can suppress this transformation but causes ectopic expression of only
one of three slow-twitch specific genes assayed. Here, we use gain and loss of function analysis to analyse further
the role of Sox6 in zebrafish muscle fiber type specification.
Methods: The GAL4 binary misexpression system was used to express Sox6 ectopically in zebrafish embryos.
Cis-regulatory elements were characterized using transgenic fish. Zinc finger nuclease mediated targeted mutagenesis
was used to analyse the effects of loss of Sox6 function in embryonic, larval and adult zebrafish. Zebrafish transgenic
for the GCaMP3 Calcium reporter were used to assay Ca2+ transients in wild-type and mutant muscle fibres.
Results: Ectopic Sox6 expression is sufficient to downregulate slow-twitch specific gene expression in zebrafish
embryos. Cis-regulatory elements upstream of the slow myosin heavy chain 1 (smyhc1) and slow troponin c (tnnc1b) genes
contain putative Sox6 binding sites required for repression of the former but not the latter. Embryos homozygous for
sox6 null alleles expressed tnnc1b throughout the fast-twitch muscle whereas other slow-specific muscle genes, including
smyhc1, were expressed ectopically in only a subset of fast-twitch fibers. Ca2+ transients in sox6 mutant fast-twitch
fibers were intermediate in their speed and amplitude between those of wild-type slow- and fast-twitch fibers. sox6
homozygotes survived to adulthood and exhibited continued misexpression of tnnc1b as well as smaller slow-twitch
fibers. They also exhibited a striking curvature of the spine.
Conclusions: The Sox6 transcription factor is a key regulator of fast-twitch muscle fiber differentiation in the zebrafish,
a role similar to that ascribed to its murine ortholog.
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Vertebrate skeletal muscle is composed of distinct fiber
types that differ in their physiological and metabolic prop-
erties; Type I or slow-twitch fibers have a low contraction
velocity but are rich in mitochondria and are therefore
more efficient at using oxygen to generate ATP, resulting
in a high endurance capability. Type II or fast-twitch
fibers, by contrast, are more suited to generating short
burst of strength or speed, but they fatigue more rapidly* Correspondence: pingham@imcb.a-star.edu.sg
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ocity. Although largely genetically determined, the fiber
type composition of muscles is also partially adaptive;
endurance training by long distance runners, for instance,
can increase their proportion of Type I fibers through
conversion of Type IIa fibers. Most studies of the control
of muscle fiber type in mammals have focused on their
activity dependent diversity and plasticity [1]; by contrast,
rather less is known about the allocation of myoblasts to
distinct fates during embryonic development.
The zebrafish provides a highly tractable model to study
vertebrate fiber type specification, as the embryonic myo-
tome shows a discrete temporal and spatial separation of
fiber type ontogeny that facilitates genetic analysis of itsl. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
Jackson et al. Skeletal Muscle  (2015) 5:2 Page 2 of 17development [2]. Zebrafish myogenesis begins prior to
somite formation with the activation of the myogenic
regulatory factors (MRFs), myoD and myf5 [3-6] The cells
closest to the notochord, the so-called adaxial cells [7], are
the first myoblasts to be specified and begin to differentiate
prior to somitogenesis in response to notochord-derived
Hedgehog (Hh) signals [4,8-13]. Most adaxial cells elongate
and migrate radially outward to form a subcutaneous
layer of mononucleated slow-twitch muscle fibers named
superficial slow-twitch fibers (SSF) [7]. A specialized sub-
population of adaxial cells, the muscle pioneers (MPs)
are characterized by their expression of the Engrailed
transcription factors and retain their medial location to
form the horizontal myoseptum that subdivides the
myotome into dorsal (epaxial) and ventral (hypaxial)
compartments [7,14,15]. The bulk of the myotome com-
prises the fast-twitch fibers, which begin their differenti-
ation in the wake of the migrating slow-twitch fibers [4,16].
The fast muscle progenitors mature and fuse with each
other to form a multinucleated array of syncytial fibers [13].
The Sry transcription family member Sox6 has been im-
plicated in muscle fiber type specification in both mice and
fish. Mice mutant for sox6 display an increase in slow-
specific gene expression and a concomitant decrease in the
expression of fast-twitch specific genes [17,18], suggesting
that Sox6 normally functions to promote the fast-twitch
differentiation program and repress slow-specific gene
expression in fetal muscle fibers. Consistent with this,
ChIPseq analysis has revealed the direct interaction of
Sox6 with the regulatory elements of slow-specific genes in
mice [19,20]. In zebrafish embryos lacking activity of the
Prdm1a transcription factor, adaxial cells differentiate into
fast-twitch fibers, a transformation that is accompanied by
the ectopic expression of sox6. Transient knockdown of
Sox6 mediated by morpholino antisense oligonucleotides is
sufficient to suppress this transformation, suggesting that
similar to its role in mouse, Sox6 normally acts to repress
slow-twitch gene expression in zebrafish [21]. Surprisingly,
however, while tnnc1b is de-repressed in the fast fibers of
Sox6 morphant embryos, no ectopic smyhc1 expression
was observed. This could reflect an incomplete inactivation
of Sox6 function achieved by morpholinos or indicate a
different pathway of repression and/or activation of
smyhc1. Here, we have used targeted overexpression
and mutagenesis of the sox6 gene to explore further its
role in zebrafish muscle fiber type specification. Our
findings confirm and extend the results of our previous
transient knock-down studies and imply that Sox6 is
not the sole mediator of slow-twitch gene repression.
Methods
Ethics statement
The research described in this paper uses the zebrafish
as an alternative to mammalian experimental models.Adult zebrafish were raised and maintained under inter-
nationally accepted conditions in the Institute of Molecular
and Cell Biology (IMCB) Zebrafish Aquarium Facility,
accredited by the Animal and Veterinary Authority (AVA)
of Singapore. All experimental procedures were performed
in compliance with and approved by the Agency for
Science Technology and Research (A*STAR) Biological
Resource Centre Institutional Animal Care and Use Com-
mittee (IACUC Project #110638). Most experimentation
and analysis was restricted to the first 5 days postfertiliza-
tion (dpf). Homozygous mutant fish were regularly moni-
tored, and any showing signs of distress were humanely
euthanized following accepted protocols.
Zebrafish strains and husbandry
Adult fish were maintained on a 14 hour light/10 hour dark
cycle at 28°C in the AVA (Singapore) certificated IMCB
Zebrafish Facility. Previously described zebrafish strains
used were: Tg(smyhc1:GFP)i104 [22]; prdm1anrd [23]; Tg
(prdm1:GFP)i106 [22] and Tg(actin1β:GAL4)i269 line [24].
Generation of UAS:Sox6-GFP
The sox6 ORF was amplified by PCR and cloned into
pDONR221 to make pME-sox6, and then recombined
with p5E-UAS, p3E-GFP and pDestTol2pA by gateway
cloning. The resultant UAS:sox6-GFP plasmid was injected
into one-cell stage embryos with tol2 mRNA to generate
the Tg(UAS:sox6-GFP)i295 line.
Real-time PCR analysis
Real-time PCR was performed on a Bio-Rad (Hercules, CA,
USA) iQ5 real-time PCR detection system using KAPA
SYBR FAST qPCR Kit (KAPA Biosystems, Wilmington,
MA, USA), according to the manufacturer’s protocols.
Primer sets were designed for smyhc1 (forward, CCTGG
TGTCTCAGTTGACCA; reverse, TGTGCCAGGGCAT
TCTTT), tnnc1b (forward, GCAAGATCGACTACGAC
GAG; reverse, AGGCAGCATTGGTTCAGG), mylz2
(forward, CAGGTTCACCGCAGAGGA; reverse, TTCGT
TTTCTTGATTCCAAGG), and b-actin (forward, TGGC
ATTGCTGACCGTATGC; reverse, GTCATGGACGCC
CATTGTGA). Real-time PCR was performed with cDNA
samples synthesized from 3μg of total RNA from approxi-
mately 50 embryos. Relative mRNA expression levels were
calculated based on cycle threshold and amplification
efficiency of each primer set. Expression of b-actin gene
was used as internal control for normalization.
Generation, selection and genotyping of sox6 mutant alleles
Plasmids encoding zinc-finger nucleases (ZFN) specific for
the zebrafish sox6 gene were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The zinc-finger nuclease was de-
signed so that it targeted the sequence CTGGCACGCCAA-
cagcaAGAGCAGGTGAGAATGTG, which is present in
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polyadenylated RNA from each plasmid was produced by
in vitro transcription, and a range of doses was injected into
one-cell stage zebrafish embryos.
G0 adults derived from embryos injected with ZFN
capped RNA were incrossed and their progenies (G1)
individually genotyped by PCR using the sox6 ZF
forward primer (GGGTGCAGGGTTGTGAAGTG) and
the sox6 ZF reverse primer (ATACATGCACATTACTG
CAGGTG) followed by Sanger sequencing using the sox6
ZF seq primer (CTTCCTTCTTCCATTTTGTTC). Two al-
leles, sox6i291 and sox6i292, were isolated, each of which intro-
duces a premature stop codon into the open reading frame
that are predicted to encode truncated forms of the protein.
Generation of tnnc1b:eGFP transgenic line
An eGFP-SV40pA-FRT-Kn-FRT recombineering targeting
cassette and red recombineering system in EL250 cells
were used to insert eGFP with an SV40 polyadenylation
site at the tnnc1b ATG start site in BAC ZC137P17 [25],
which has at least 25 kb of upstream sequence and 200 kb
of downstream sequences from the tnnc1b gene. This
BAC was further modified by the addition of Tol2 sites
and a stable line, Tg(BACtnnc1b:EFGP)i293, was generated
using Tol2-mediated transgenesis [26]. Deletion deriva-
tives of the BAC were made by further targeted recom-
bination events. Downstream deletions were made by
targeting the iTol2-Amp-iTol2 cassette into the eGFP
modified BAC but designing the homology arms so that
the right arm had homology to the sequence 1 kb down-
stream from the tnnc1b stop codon and the left arm had
homology to the other side of the chloramphenicol
marker resulting in the chloramphenicol gene being
replaced by the ampicillin and a large amount of down-
stream sequence deleted from the BAC. Upstream dele-
tions were made by targeting a construct containing a
kanamycin resistance gene to different loci in the BAC so
differing amounts of upstream sequence were recombined
out of the BAC. Successful deletion of upstream and
downstream sequences was confirmed by PCR. Smaller
constructs containing the eGFP reporter sequence were
PCR-amplified out of the BAC and cloned into the
pDB739 vector that contains Tol2 sites [27] (gift of Steve
Ekker, Mayo Clinic, Rochester, MO, USA).
A β-globin minimal promoter reporter vector was gen-
erated by excising β-globin-eGFP-polyA from βg-eGFP-
SP72 [28] using EcoRI and cloned into the same site of
pDB739 [27]. Potential enhancer fragments were cloned
into this vector.
Site-directed mutagenesis
To mutate potential Sox6 binding sites in the smyhc1:GFP
promoter, the promoter proximal to the NotI site in the
Tg(smyhc:GFP)i104 construct [22] was subcloned. Fivepotential Sox6 binding sites were identified manually
and mutated from AACAAT to AAAAAT using the
Stratagene (La Jolla, CA, USA) Quickchange Multi Site-
Directed Mutagenesis Kit. After mutagenesis the mutated
promoter was subcloned back into the full smyhc1:GFP
plasmid and stable transgenic lines were created.
To mutate potential Sox6 binding sites in the tnnc1b:
GFP promoter, the sequence 2.5 kb upstream of the start
site of tnnc1b, as well as the first intron, was analyzed
manually to identify possible Sox6 binding sites. Sites
were mutated by designing forward and reverse primers
that had approximately 10-bp homology to the sequence
5’ of the potential Sox6 binding site and 30-bp homology
to the sequence 3’ of the Sox6 site, with a 4-bp mismatch
(ACAAT mutated to AGGG) in the core sequence of the
Sox6 binding site. After PCR using these primer pairs and
iProof DNA polymerase (Biorad, Hercules, CA, USA), 1μl
of DpnI restriction enzyme was added to the reaction to
digest the methylated plasmid template. After a 2-hour
incubation at 37°C, the sample was PCR-purified (AxyPrep
PCR clean-up kit Axygen, Union City, CA, USA) and trans-
formed. Sequences were analyzed using Lasergene SeqMan
(DNA STAR Madison, WI, USA). Successfully mutated
plasmids were injected into zebrafish embryos, and
stable transgenic lines were created for each construct.
In situ hybridization and immunofluorescence
In situ hybridization of whole embryos and cryosections
was performed as previously described [29,30]. Fluores-
cent in situ hybridization utilized anti-DIG peroxidase
and fluorescence substrate Cy5 tyramide signal amplifi-
cation (TSA, Perkin Elmer, Waltham, MA, USA) and
was performed according to the manufacturer’s protocol.
Probes used were made from plasmids smyhc1 [22],
tnnc1b [21], myh7b [31], ryr1a [32] and prox1a [33].
mylz10, tpm2, tnnt1 and tnni1a were cloned from zebra-
fish cDNA into a pGEM-T vector (Promega, Madison,
WI, USA). Probes were made by linearizing and tran-
scribing with the appropriate restriction enzyme and
polymerase respectively. Images were captured using the
Carl Zeiss (Oberkochen, Germany) AXIO Zeiss Imager
M2 and the AXIO Vision 4.7.2 software. To analyze the
effects of the misexpression of Sox6, embryos were
collected from a UAS:sox6-GFP;actin:GAL4 incross and
separated based on their Sox6-GFP expression; embryos
expressing strong Sox6-GFP were collected into one
tube, and embryos expressing no Sox6-GFP were sepa-
rated into another tube. Reactions were carried out in sep-
arate tubes, with the same number of embryos in each
and were stained for exactly the same length of time.
Monitoring Ca2+ flux using GCaMP3
The 2 dpf larvae were mounted in 2% low-melting agarose
gel containing 50 μM blebbistatin, and muscle contraction
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ously described [34]. The smyhc1:GCaMP3 construct was
generated by replacing the gfp coding sequence of the
9.7kb smyhc1:gfp construct [22] with GCaMP3 coding se-
quence and used to generate a transgenic line, Tg(smyhc1:
GCaMP3)i280. Fast-twitch specific transient transgenics
were generated by injecting the mylz2:GCaMP3 construct
[34]. A total of 1 nl of DNA plasmid was injected into the
one-cell stage embryo at 20 ng/μl. Fluorescent change was
measured every 70 to 90 ms with Olympus (Tokyo, Japan)
FV-1000 Fluoview confocal microscopy, and average
fluorescence intensity was analyzed using Olympus
FV10-ASW software.
Immunohistochemistry
Antibody staining was performed as previously described
[22,31] at the following dilutions: mAb F310 (anti-fast
myosin light chain; DSHB) at 1:50; mAb F59 (anti-slow
myosin heavy chain; DSHB) at 1:50; Rabbit anti-eGFP
(Torrey Pines) 1:500; and rabbit anti-zebrafish Sox6 [31]
1:500. The following secondary antibodies were used:
anti-rabbit IgG-488 (Invitrogen) 1:100 and anti-mouse
IgG-546 (Invitrogen) 1:1000. Specimens were imaged with
an Olympus Fluoview confocal microscope. Images were
acquired using Olympus FV10-ASW software and ana-
lyzed using ImageJ software (http://rsbweb.nih.gov/ij/).
Results
Misexpression of Sox6 in adaxial cells represses
slow-twitch specific gene expression
To investigate whether Sox6 activity is sufficient to
repress slow-twitch specific gene expression, we gener-
ated a transgenic line in which a Sox6-GFP fusion
protein can be driven under the control of the GAL4
transcriptional activator. Fish carrying this transgene, Tg
(UAS:sox6-GFP)i295, were crossed with those carrying a
previously described muscle specific actin:GAL4 trans-
gene [24]. Fluorescent in situ hybridization of embryos
that were 30-hours postfertilization (hpf ) indicated that
expression of tnnc1b and smyhc1 was reduced in the
Sox6-GFP expressing fibers (Figure 1A-D). Similarly,
expression of the slow-specific genes troponin t1 (tnnt1),
troponin i1a (tnni1a), myosin light chain 10 (mylz10),
tropomyosin 2 (tpm2) and the ryanodine receptor 1a
(ryr1a) also appeared to be downregulated in embryos
expressing Sox6-EGFP (Additional file 1: Figure S1). To
confirm these findings, we performed qPCR analysis of
smyhc1 and tnnc1b transcription in Sox6-GFP and con-
trol embryos. In both cases, we found a modest but sta-
tistically significant reduction in transcript levels; by
contrast, levels of mylz2 transcript did not differ sig-
nificantly between Sox6-GFP expressing and control
embryos (Figure 1E). Embryos with strong GFP expression
in the head muscle at 4 dpf were sorted from GFP-negativeembryos. In situ hybridization for tnnc1b transcripts re-
vealed no effect of ectopic Sox6 activity on tnnc1b expres-
sion in the head muscles (Additional file 2: Figure S2).
These findings are in line with the previous demonstration
that ectopic expression of Sox6 can repress Prox1a expres-
sion in adaxial cells [21]. Taken together, they demonstrate
that Sox6 activity is sufficient to inhibit the expression of
slow-twitch muscle genes in the embryonic trunk muscle
of the zebrafish.
cis-acting sequences mediate Sox6 dependent repression
of tnnc1b and smyhc1
Previous studies have identified cis-regulatory regions of
the smyhc1 gene that drive reporter gene expression spe-
cifically in adaxial cells and slow-twitch fibers [22,35].
Five potential Sox6 sites were identified in this upstream
sequence and mutated; transgenic lines carrying the
mutated reporter construct showed ectopic expression
of the reporter in fast-twitch fibers of embryos at 48 hpf
(Figure 1G and H), implying that these sites are required
for the lineage specific repression of smyhc1. The ectopic
eGFP expression was not observed in every fast-twitch
fiber but was restricted to a subset of fast-twitch fibers.
To explore the basis of tnnc1b regulation further, an
eGFP reporter cassette was inserted into a tnnc1b con-
taining BAC by homologous recombination [25] such
that the eGFP ATG start site replaced the tnnc1b ATG
start site. The resulting tnnc1b:eGFP reporter gene reca-
pitulated the endogenous pattern of tnnc1b expression
in transgenic embryos, with expression restricted to the
slow-twitch muscle and overlapping precisely with the
endogenous tnnc1b transcript (Figure 2A and B). To
define the cis-regulatory regions more precisely, several
reporter constructs containing differing lengths of the
tnnc1b upstream and downstream sequence were gener-
ated and their activities assayed in transgenic embryos
(Figure 2C). This deletion analysis revealed that the first
intron of tnnc1b is essential for the expression of the
gene. This putative intron 1 enhancer element was cloned
downstream of a β-globin minimal promoter vector to
assay its activity. Interestingly, eGFP expression was
observed throughout the myotome in both the fast-twitch
and slow-twitch fibers (Figure 2D and E) indicating that it
acts as a general muscle-specific enhancer. Previous
analyses identified a skeletal muscle enhancer in the
first intron of the mouse Tnnc1 gene and this shows
high conservation with the human Tnnc1 gene [36].
The first intron of human Tnnc1 was cloned into the β-
globin minimal promoter vector and found to drive
eGFP expression in both the slow-twitch and fast-twitch
muscle in stable transgenic zebrafish embryos (Figure 2F).
It follows that the slow-twitch specificity of the tnnc1b
gene is mediated by repressor elements upstream of its
promoter.
Figure 1 Control of slow-twitch specific gene expression by Sox6. (A,B) Fluorescent in situ hybridization of 30 hours postfertilization (hpf)
wild-type embryos revealing accumulation of smyhc1 and tnnc1b transcripts throughout the mononucleated slow-twitch muscle; (C,D) transgenic
embryos expressing Sox6-GFP in slow-twitch fibers (green nuclei) hybridized under identical conditions to the wild-type controls (A,B) showing
reduced levels of smyhc1 and tnnc1b transcripts; (E) graphical representation of data pooled from three independent qPCR analyses of smyhc1,
tnnc1b and mylz2 transcription in control and UAS:sox6-GFP;actin:GAL4 (sox6-gfp+) embryos at 30 hpf. Student’s two-tailed, unpaired t-test, error
bars represent standard deviation, control n = 3, sox6-gfp+ n = 3, asterisks indicate significance; (F) Cross section through a trunk somite of a 48 hpf
smyhc1:GFP transgenic embryo; note that expression is restricted to the superficially located slow-twitch muscle fibers; (G) similar preparation of an
embryo transgenic for the same smyhc1:GFP reporter gene in which the putative Sox6 binding sites have been mutated: note the ectopic
expression in many fast-twitch muscle fibers as well as in prominent clusters of neurons in the neural tube (asterisks). (H) Cross section
through a trunk somite of a 48 hpf tnnc1b:GFP transgenic embryo: expression is similarly restricted to the slow-twitch fibers. (I) Similar
preparation of a 48 hpf embryo transgenic for the same reporter in which the putative Sox6 binding sites have been mutated: note the
absence of ectopic expression of this transgene.
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2.5-kb upstream sequence + intron 1. Progressive mutation
of these sites had no effect on reporter gene expression in
transgenic embryos (Figure 1I; Additional file 3: Figure S3).
Further deletion of the tnnc1b promoter revealed that
just 270 bp upstream of the transcription start site to-
gether with the first intron was sufficient to drive slow-
specific expression in zebrafish embryos (Figure 2C).
This 270-bp upstream region contains no canonical
Sox6 sites, though two sites with an imperfect match
(0.85 identity) were detected. Potential sites for many
other transcription factors were also identified by in
silico analysis (data not shown), but none of these stood
out as an obvious candidate for mediating slow-twitch
fiber specific expression.Sox6 represses only a subset of slow-specific genes in
fast-twitch fibers
Expression of sox6 can first be detected in the somites
at the ten-somite stage [31] when it is restricted to fast-
twitch fiber progenitors and excluded from adaxial cells.
To investigate Sox6 function further, mutant alleles were
created using zinc-finger nuclease (ZFN) mediated tar-
geted mutagenesis [37] (Figure 3A). Homozygous mutant
embryos lacked full-length Sox6 protein in both fast-twitch
fibers and in the forebrain, as assayed by whole-mount
immunohistochemistry using a Sox6-specific antibody
(Figure 3B-E).
In line with previous morpholino-based analyses [21],
ectopic tnnc1b expression was observed throughout the
fast-twitch domain in the trunk and tail of sox6 mutant
Figure 2 (See legend on next page.)
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Figure 2 Defining the tnnc1b cis regulatory region. (A) Trunk region of a Tg(BACtnnc1b:eGFP)i293 larva 72 hpf showing reporter gene expression
specifically in the slow-twitch muscle. (B) Cross section through the mid-trunk region of a 30 hpf Tg(BACtnnc1b:eGFP)i293 embryo showing reporter
gene expression restricted to the superficial layer of muscle fibers: (B’) the same section showing endogenous tnnc1b mRNA assayed by fluorescent in
situ hybridization. (B”) Merged images showing that the reporter faithfully recapitulates the expression pattern of the endogenous gene. (C) Schematic
representation of deletion derivatives of the BACtnnc1b:eGFP reporter construct (Green box = eGFP); the expression patterns observed in transgenic
lines carrying these construct is indicated on the right. (D) Cross section and (E) optical sagittal section of a 72 hpf transgenic larva showing expression
of eGFP throughout the myotome driven by the first intron of the zebrafish tnn1cb intron and a mammalian βglobin minimal promoter. (F) Cross
section of a 72 hpf transgenic embryo in which expression of eGFP is driven by the first intron of the human slow troponin c gene. The strong
signal in the skin in is a staining artefact and was not present in live embryos.
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and C), but not in craniofacial fast-twitch muscles
(Additional file 4: Figure S4). Similarly, the tnnc1b:
eGFP transgene was ectopically expressed in the fast-
twitch fibers in sox6 homozygotes (Figure 4B and D).
Like tnnc1b, the slow-specific ryr1a (Figure 4E and I)
and tnnt1 (Additional file 5: Figure S5A and F) were
also ectopically expressed throughout the fast-twitch
domain in sox6 mutants at 30 hpf. Interestingly, this
was not the case for all slow-twitch muscle genes: the
expression patterns of myh7b (Figure 4F and J) tnni1a,
mylz10, tpm2 and prox1a (Additional file 5: Figure
S5B-E and G-J), were unaffected in sox6 mutant embryos
at 30 hpf. Ectopic expression of smyhc1 could be detected
in a small number of fast-twitch fibers by 30 hpf in sox6
mutants, both by in situ hybridization for the endogenous
transcript (Figure 4G and K) and by reporter gene expres-
sion (Figure 4H and L). This pattern of ectopic expression
resembled that of the mutant smyhc1:eGFP reporter con-
struct described above (cf. Figure 1H). By 3 dpf, fast fibers
positive for tpm2 and mylz10 expression could also be
readily detected in sox6 mutant larvae (Figure 5B,C,E and
F). Similarly, more fast fibers expressed smyhc1 in sox6
mutants by 4 to 5 dpf (Figure 5A,D,G and H).
In contrast to the aberrant expression of slow-specific
genes, expression of fast myosin light chain proteins,
detected with the F310 antibody (Figure 5 G’ and H’),
and expression of fast specific troponin subunit, assayed
by WISH (Additional file 6: Figure S6), were unaffected
in sox6 homozygotes.Loss of Sox6 rescues slow-specific gene expression in
Prdm1 mutants
Loss of Prdm1a function causes ectopic expression of
sox6 in adaxial cells and concomitantly the loss or strong
downregulation of slow-twitch muscle gene expression
[13,21,22]; (Figure 6C and G). In the sox6;prdm1a double
homozygotes, expression of smyhc1 in adaxial cells was
partially restored (Figure 6D), while tnnc1b was uniformly
expressed throughout the myotome (Figure 6H). The mi-
gration of the slow-twitch progenitors is also disrupted in
prdm1a mutants (Elworthy et al. [22]); this effect was notrescued in prdm1a;sox6 double mutants (YO and PWI,
unpublished observations: see also Figure 6D).Loss of Sox6 results in altered physiology of fast fibers
Prompted by the ectopic expression of the slow-twitch
specific ryanodine receptor encoded by ryr1a in fast-
twitch fibers in sox6 mutant larvae, we analyzed Ca2+ flux
in muscle fibers, using transgenes driving muscle specific
expression of the fluorescent calcium sensor GCaMP3
[38,39]. Animals carrying the smyhc1:GCaMP3 transgene
express the sensor specifically in superficial slow-twitch
muscle fibers (Figure 7A and B) while the mylz2:GCaMP
transgene is specifically expressed in fast-twitch fibers
[34]. Pentylenetetrazole (PTZ) treatment of transgenic
larvae induced a rapid increase in fluorescence intensity
followed by a return to the baseline level, reflecting Ca2+
flux from the sarcoplasmic reticulum into the muscle
fiber. We analyzed three components of this calcium
response: 1) time to maximum fluorescence intensity, 2)
decay time to 50% of maximum fluorescence intensity,
and 3) fluorescence amplitude (Figure 7C).
In wild-type larvae, the response time of slow-twitch
fibers was shorter than in fast-twitch fibers, while the
change in amplitude was smaller (Figure 7D and E).
Notably, the response time of sox6 mutant fast-twitch
fibers was significantly shorter than in their wild-type
counterparts, resembling more that of wild-type slow-
twitch fibers, whereas the amplitude change was unaffected.
The fluorescence decay time showed no significant differ-
ence between slow-twitch and fast-twitch fibers in both
wild-type and sox6 mutant fibers, indicating that the recov-
ery mechanism of calcium ion flux is similar in both types
of fiber (data not shown).Loss of Sox6 disrupts muscle fiber type at adult stages
While homozygous sox6 mutant embryos and larvae dis-
played no observable morphological phenotype, by one
month of age they were significantly smaller than their
siblings (Figure 8A) and exhibited a slight curvature of
the spine, a phenotype that became more severe with
age. The extent of the curvature varied between individ-
uals: some fish exhibited only a slight kink, while others
Figure 3 Targeted mutagenesis of the zebrafish sox6 locus. (A) Schematic representation of the zinc-finger nuclease designed to target
genomic sequences in exon 8, upstream of the HMG box, of the zebrafish sox6 gene. (B-E) Immunohistochemical detection of Sox6 protein using
a Sox6-specific antibody; Sox6 protein is detectable in the nuclei of fast muscle fibers (arrows) (B and B’) and the optic tectum (arrow) (C and C’)
of wild-type embryos. In sox6 homozygous mutants, by contrast, no signal is detected in either the muscle (D and D’) or the optic tectum
(E and E’), indicating the successful generation of a null mutant. (Blue signal = DAPI).
Jackson et al. Skeletal Muscle  (2015) 5:2 Page 8 of 17displayed a massive crumpling of the spine. By 80 dpf,
all surviving homozygous sox6 mutants displayed some
degree of curvature as revealed by alizarin red staining
(Figure 8B and C).
Around 10% of homozygotes could survive to adulthood
if raised in isolation from their siblings; these failed to
breed, most likely due to the morphological abnormalities.Adult muscle fibers were examined by visualizing the ex-
pression of the tnnc1b:eGFP and smyhc1:eGFP transgenes
in cryostat sections through the trunk regions of sox6 mu-
tants and their siblings. This revealed that the ectopic ex-
pression of tnnc1b seen in mutant embryos and larvae
persists into adulthood (Figure 9; cf. A and B). The level
of expression of tnnc1b:eGFP in the fast domain, however,
Figure 4 tnnc1b is ectopically expressed in fast-twitch fibers of homozygous sox6 mutants. Endogenous tnnc1b expression (A) and tnnc1b:
eGFP reporter expression (green) (B) is restricted to slow-twitch fibers of wild-type embryos at 48 hours postfertilization (hpf) and excluded from
fast-twitch fibers (B’:red) as shown in merged image (B”). In sox6 mutants, endogenous tnnc1b (C) and the tnnc1b:eGFP reporter (D) are expressed
in both slow and fast-twitch fibers (D’: red) as shown in merged image (D”). Expression of ryr1a is restricted to slow-twitch fibers in wild type (E)
but ectopically expressed in the fast-twitch fibers in sox6 mutant embryos at 30 hpf (I). By contrast, myh7b expression remains restricted to slow-twitch
fibers in sox6 mutants (cf. F and J). Slow-twitch specific expression of the endogenous smyhc1 (G) and the smyhc1:GFP reporter (H) in wild-type
embryos. In sox6 mutants (K,L), expression is largely similarly restricted but ectopically expressed in a few fast fibers (arrows).
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Figure 5 (See legend on next page.)
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Figure 5 Partial de-repression of slow-twitch genes in sox6 mutant larvae. (A-C) smych1, tpm2 and mylz10 remain restricted to the slow-twitch
fibers in wild-type larvae at 3 or 4 days postfertilization (dpf). (D-F) All three genes are ectopically expressed in some fast-twitch fibers in sox6 mutants
by 3 or 4 dpf. (G-G”) smyhc1:GFP expression (green) is excluded from fast-twitch fibers (red) in 5 dpf wild-type larvae. (H-H”) In sox6 mutant larvae at 5
dpf, a subset of fast-twitch fibers ectopically express the reporter gene (H). The expression of the fast-twitch myosin revealed by mAb F310 (red) in the
fast domain remains unaffected in sox6 mutants (cf G’ and H’).
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more that of intermediate fibers in wild type. Moreover,
the morphology of the mutant myotome was altered com-
pared to that of wild-type siblings, varying in shape and
size between individuals. The wedge of eGFP-positive
slow-twitch muscle, known as the lateralis superficialis
[7,22] extended more medially towards the midline of
sox6 mutants (Figure 9; cf. A and B). In addition, the slow-
twitch fibers were significantly smaller than in wild-type
fish (Figure 9; cf. C and D).
By contrast, expression of smyhc1:eGFP remained
restricted to the slow-twitch fibers in sox6 mutants. As
in mutant embryos, sporadic ectopic expression of the
smyhc1 reporter was observed in only a small number of
fast-twitch fibers (data not shown). There was a slightFigure 6 Elimination of sox6 rescues tnnc1b and smyhc1 expression in
of embryos that were hybridized with the smyhc1 probe at 30 hours postfe
is disrupted in prdm1a mutants, and the expression of smyhc1 is dramatica
smyhc1 expression is restored in the adaxial cells, though their migration st
wild-type and mutant embryos hybridized with the tnnc1b probe. Expressio
is restored throughout the myotomes in the prdm1a;sox6 double mutants,
slow specific genes, which are expressed in the superficial slow-twitch fibemedial expansion of the eGFP-positive domain, with
some cells in the most medially located muscle fibers
faintly expressing eGFP, as well as a dorsal and ventral
expansion in the expression domain (Figure 9E and F).
Discussion
Previous studies have implicated the transcription factor
Sox6 in the control of skeletal muscle fiber type identity
both in mammals and fish [17-19,21]. In Sox6 mutant
mice, various fast specific genes are downregulated in
fast-twitch fibers while a number of slow fiber specific
genes are upregulated; these include several myosin
heavy chain genes as well as all three of the genes
encoding the slow troponin subunits Tnnc1,Tnni1 and
Tnnt1 [17-19]. By contrast, we observed only limitedprdm1anrd mutants. (A-D) Cross sections through the trunk region
rtilization (hpf): note that migration of the slow-twitch progenitors
lly downregulated (cf A and C); in the prdm1a;sox6 double mutant,
ill appears disrupted (cf. C and D). (E-H) Similar cross sections of
n of tnnc1b is completely lost prdm1a mutants (cf E and G); expression
though at lower levels than in the sox6 single mutant (cf. F and H) are
rs in wild-type embryos at 30 hpf (A and B).
Figure 7 Sox6 controls the Ca2+ response of fast-twitch fibers. (A,B) Cross section through a trunk somite of a 48 hours postfertilization
(hpf) Tg(smyhc1:GCaMP3)i280 embryo, showing expression of GCaMP3 (green) is restricted to slow-twitch fibers, revealed by mAbF59 labeling (red).
Nuclei are stained with DAPI (blue). (C) Stereotypical representation of the GCaMP3 signal in response to chemical stimulation indicating the three
parameters measured in this analysis. (D) Response time in seconds (s) and (E) amplitude of Ca2+ response in fast and slow-twitch fibers of Tg
(smyhc1:GCaMP3)i280 (Tg) and transient transgenic wild-type (+) and sox6 mutant larvae (52 to 55 hpf); Student’s two-tailed, unpaired t-test; Error
bars represent standard deviation.
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tmp2 also showing limited ectopic expression in the fast
fibers by 3 dpf.
On the other hand, ectopic Sox6 activity was sufficient
to reduce expression all of these slow-twitch specific
genes in the adaxial cells and consistent with this, we
found that mutation of the putative Sox binding sites in
the smyhc1 cis regulatory fragment resulted in ectopic
expression of a GFP reporter gene in fast-twitch fibers.
One possible explanation for these paradoxical findings
could be the presence of a paralogous sox6 gene in the
zebrafish genome, a consequence of the additional round
of genome duplication that has occurred in teleosts [40].
Indeed, such teleost-specific sox6 paralogs were first
described in puffer fish [41] and subsequent genome
sequence analyses have revealed similar sox6 duplicates
in Medaka and stickleback. Surprisingly, however, the
zebrafish genome lacks the sox6a locus found in other
teleosts (Additional file 7: Figure S7), thus ruling out
this redundancy hypothesis.Another potential explanation could be a partial func-
tional overlap between Sox6 and the closely related Sox5
protein; indeed it is well established that Sox5 and Sox6
function redundantly in a number of contexts in mam-
mals [42-44]. To address this possibility, we generated
sox5 null alleles using zinc finger nucleases (SE and
PWI, unpublished data) and made compound homozy-
gotes; however, we found no evidence of de-repression
of additional slow-twitch genes in the double mutants
(Additional file 8: Figure S8).
Nevertheless, the fact that ectopic Sox6 can repress
expression of all of the slow-twitch genes we have assayed
implies that some other Sox protein may act in parallel
to Sox6 to regulate fiber type identity. There is as yet,
however, no obvious candidate for such an additional
Sox family member involved in myogenesis. A further
puzzle is presented by our analysis of the tnnc1b pro-
moter; this identified an upstream fragment sufficient
to drive reporter gene expression specifically in slow-
twitch fibers, which like the smyhc1 upstream regulatory
Figure 8 sox6 mutant adults are small and have spinal deformities. (A) sox6 mutant fish are significantly smaller than siblings by 1 month.
Student’s two-tailed, unpaired t-test P <0.05, error bars represent standard deviation, sibling n = 17, mutant n = 17, asterisk indicates significance.
(B and C) By 80 dpf, there is clear curvature of the spine in all surviving homozygous sox6 mutant fish (C) as compared to siblings (B).
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Figure 9 Disruption of fiber type identity in adult sox6 mutant fish. (A,B) at 3 months, expression of the tnnc1b:eGFP reporter is restricted
to the medio-lateral wedge of slow-twitch fibers in wild-type fish. (C,D) In sox6 mutants, the reporter gene is also expressed at lower levels in
fast-twitch fibers while the slow-twitch fibers extend closer to the midline. The diameter of the slow-twitch fibers is significantly reduced compared
to wild-type (cf. B and D). (E) The smyhc1:GFP reporter is expressed at high levels in the slow-twitch fiber of 2-month-old fish. (F) the reporter shows a
similar pattern of expression in sox6 mutants at the same stage, with lower level expression extending more medially than in wild type.
Jackson et al. Skeletal Muscle  (2015) 5:2 Page 14 of 17element described previously, contains multiple putative
Sox6 binding sites. Surprisingly, however, mutation of
these sites failed to cause ectopic reporter gene expression
in fast-twitch fibers. Moreover, partial deletion of this
fragment identified a minimal upstream element devoid ofcanonical Sox6 binding sites that retains slow-specific
enhancer activity. It is of course possible that other cryptic
Sox6 binding sites are present in this fragment or that
Sox6 binds via interaction with another DNA binding
protein. In the absence of a Sox6 antibody that can be
Jackson et al. Skeletal Muscle  (2015) 5:2 Page 15 of 17used in chromatin precipitation assays, we have been
unable to address the interaction between Sox6 and this
element directly.
The homeodomain transcription factors Six1a and Pbx
have previously been implicated in the transcriptional acti-
vation of fast-specific genes in zebrafish [45,46]. Since
both proteins can also act as transcriptional repressors, it
seems possible that they might act in concert with Sox6
to repress the expression of slow-specific genes in the
fast-twitch fibers muscle. Morpholino-mediated knock-
down of either gene in sox6 mutant embryos, however,
had no discernible effect on the expression of the smyhc1:
gfp transgene (data not shown).
In any case, it is clear from our analysis that Sox6 is
not the sole mediator of slow-twitch gene repression in
fast-twitch fibers. In this respect, it is worth noting that
neither Ppargc1a (PGC-1a) nor Sdha, both of which are
associated with the oxidative metabolism characteristic
of slow-twitch fibers, are upregulated in fast-twitch
fibers of mouse Sox6 mutants [19,20]. Nevertheless, the
disparity between mammals and zebrafish in the select-
ive repression of sarcomeric protein genes in the latter
but not the former is striking and worthy of further
investigation.
Using fiber type-specific expression of the Ca2+ reporter
GCaMP3, we found that fast- and slow-twitch fibers show
different calcium responses and that loss of Sox6 function
modified the fast-twitch fiber specific response. In a previ-
ous study, the calcium indicator Calcium Green-1 dextran
was used to analyze Ca2+ transients in wild-type and
mutant larvae [32]. The responses reported for slow and
fast-twitch muscles in wild-type embryos appeared quite
similar, although no statistical analysis was performed
to confirm this. The discrepancy between these earlier
results and our findings could possibly be ascribed to the
different mode of muscle stimulation - mechanosensory
stimulation versus drug-induced convulsion - used in the
two studies. Nevertheless, it is notable that loss of Sox6
function modified the response of the fast-twitch fibers in
our analysis. We did not, however, observe a significant
change in the half decay time of the Ca2+ signal in sox6
mutant embryos. On the other hand, it was reported that
decay time is delayed in the atp2a1 mutant that encodes
ATPase Ca2+ pump SERCA1 [47]. This suggests that
expression of SERCA1 is independent of Sox6 function.
In contrast to the perinatal lethality of the mouse Sox6
mutation, a small proportion (approximately 10%) of zeb-
rafish homozygous for the sox6 null allele survived to
adulthood. These fish showed persistent ectopic expres-
sion of the tnnc1b gene throughout the fast-twitch fibers
indicating a continuous requirement for Sox6 in the main-
tenance of fiber type identity. In addition, the muscle
blocks were misshapen and reduced in size, while slow-
twitch fibers appeared significantly smaller than in wildtype. The mutant fish also exhibited a marked scoliosis;
while this may be a secondary consequence of the defects
in the skeletal muscle, it could also reflect a direct require-
ment for Sox6 in the vertebral column. In this regard, it is
notable that previous studies in mouse have revealed a
role for both Sox5 and Sox6 in the formation of the extra-
cellular matrix sheath of the notochord and of the nu-
cleus pulposus, the gelatinous central portion of the
intervertebral discs [48]. Further analysis is required to
determine whether the scoliosis in sox6 mutant fish is a
reflection of such a requirement.
Conclusions
Our analysis has established that the Sox6 transcription
factor is a key regulator of fast-twitch muscle fiber differ-
entiation in the zebrafish, a role similar to that ascribed to
its murine ortholog. In the absence of Sox6 function,
genes encoding slow-twitch specific sarcomeric proteins
are ectopically expressed in fast-twitch fibers, the physio-
logical properties of which are correspondingly shifted
towards those of slow-twitch fibers. Not all slow-twitch
specific genes are de-repressed in the absence of Sox6
function, however, which implies that additional factors
act to suppress the slow-twitch differentiation program in
fast-twitch fibers.
Additional files
Additional file 1: Figure S1. The expression of slow-specific genes is
downregulated in actin:GAL4; UAS:sox6-GFP embryos. The slow-twitch
specific expression of tnnt1 (A), tnni1a (C), mylz10 (E), tpm2 (G) and ryr1a
(I) is downregulated in slow muscle fibers ectopically expressing
Sox6-GFP (B,D,F,H,J).
Additional file 2: Figure S2. Misexpression of Sox6 has no effect on
the expression of tnnc1b in the head muscles. (A-C ) tnnc1b expression in
the head muscles of 3 dpf wild type embryos. (D-F) tnnc1b expression in
embryos expressing Sox6-GFP in head muscles. There appears to be no
difference in the expression of tnnc1b between wild type and actin:GAL4:
UAS:sox6-GFP fish.
Additional file 3: Figure S3. GFP expression is unaffected by mutation
of potential Sox6 binding sites in the +2.5kb + intron1 tnnc1b:eGFP
reporter. Expression remains restricted to the slow-twitch domain
following mutation of one or more putative Sox6 binding sites (A-F).
Additional file 4: Figure S4. In situ hybridization for tnnc1b mRNA
reveals no difference in expression between wild type and sox6 mutants
in the craniofacial muscles.
Additional file 5: Figure S5. Slow-specific muscle genes show a
variable response to mutation of sox6. Like tnnc1b and ryr1a, tnnt1 is
ectopically expressed throughout the fast domain of sox6 homozygous
mutant embryos at 30 hpf (A and F). Conversely prox1a expression is
unaffected in sox6 mutant embryos at 22 hpf when transcript levels can
be detected (B and G). Expression of tnni1a (C and H), mylz10 (D and I)
and tpm2 (E and J) is unaffected at 30 hpf in sox6 mutants.
Additional file 6: Figure S6. Expression of fast specific troponin
subunit genes in wild type and sox6 mutant embryos.
Additional file 7: Figure S7. Chromosomal location of sox6 genes in
different fish species and H. sapiens. Two sox6 paralogs are present in the
genomes of Fugu, stickleback and Medaka. The sox6B locus in each of
these species is located in a chromosomal region that displays conserved
Jackson et al. Skeletal Muscle  (2015) 5:2 Page 16 of 17synteny with the locations of the zebrafish and human sox6 gene. The
sox6A genes of Fugu and stickleback are also located in a region of
conserved synteny. This conservation has been lost in zebrafish along
with the sox6A paralog (indicated by “?”).
Additional file 8: Figure S8. Expression of smyhc1, myh7b and tnnc1b
in wild type, sox5, sox6 and sox5; sox6 double mutants.
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